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A Circadian Rhythm in the Expression of PERIOD2 Protein
Reveals a Novel SCN-Controlled Oscillator in the Oval
Nucleus of the Bed Nucleus of the Stria Terminalis
Shimon Amir, Elaine Waddington Lamont, Barry Robinson, and Jane Stewart
Center for Studies in Behavioral Neurobiology, Department of Psychology, Concordia University, Montre´al, Québec H4B 1R6, Canada
Circadian rhythms in mammals are regulated not only globally by the master clock in the suprachiasmatic nucleus (SCN), but also locally
by widely distributed populations of clock cells in the brain and periphery that control tissue-specific rhythmic outputs. Here we show
that the oval nucleus of the bed nucleus of the stria terminalis (BNST-OV) exhibits a robust circadian rhythm in expression of the Period2
(PER2) clock protein. PER2 expression is rhythmic in the BNST-OV in rats housed under a light/dark cycle or in constant darkness, in
blind rats, and in mice, and is in perfect synchrony with the PER2 rhythm of the SCN. Constant light or bilateral SCN lesions abolish the
rhythm of PER2 in the BNST-OV. Large abrupt shifts in the light schedule transiently uncouple the BNST-OV rhythm from that of the SCN.
Re-entrainment of the PER2 rhythm is faster in the SCN than in the BNST-OV, and it is faster after a delay than an advance shift. Bilateral
adrenalectomy blunts the PER2 rhythm in the BNST-OV. Thus, the BNST-OV contains circadian clock cells that normally oscillate in
synchrony with the SCN, but these cells appear to require both input from the SCN and circulating glucocorticoids to maintain their
circadian oscillation. Taken together with what is known about the functional organization of the connections of the BNST-OV with
systems of the brain involved in stress and motivational processes, these findings place BNST-OV oscillators in a position to influence
specific physiological and behavioral rhythms downstream from the SCN clock.
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Introduction
The suprachiasmatic nucleus (SCN) of the hypothalamus is the
primary circadian clock regulating daily rhythms in behavior and
physiology in mammals (Klein et al., 1991). The cells of the SCN
exhibit intrinsic circadian oscillations in gene expression and in
electrical and metabolic activity (Inouye and Kawamura, 1979;
Schwartz et al., 1980; Gillette and Reppert, 1987; Welsh et al.,
1995; Reppert, 2000; Shearman et al., 2000; Beaulé et al., 2001;
Reppert and Weaver, 2001), destruction of the SCN abolishes all
circadian rhythms, and, most importantly, transplants of fetal
SCN tissue, but not tissue from other brain regions, can restore
circadian behavioral rhythms in SCN-ablated animals (Ralph et
al., 1990; Aguilar-Roblero et al., 1992; LeSauter et al., 1996; Li and
Satinoff, 1998; Sollars and Pickard, 1998). How the oscillations of
the SCN are translated into behavioral and physiological rhythms
is not well understood. A leading hypothesis is that the gating of
circadian information into specific rhythmic outputs is mediated
by tissue-specific subordinate oscillators that are entrained by the
SCN clock (Yamazaki et al., 2000; Buijs and Kalsbeek, 2001; Bal-
salobre, 2002; Reppert and Weaver, 2002; Schibler and Sassone-
Corsi, 2002; Hastings et al., 2003).
The bed nucleus of the stria terminalis (BNST) is a complex
and neurochemically heterogeneous basal forebrain structure
that modulates a wide range of physiological and motivational
processes. These include, but are not limited to, neuroendocrine,
autonomic, and behavioral responses to different types of stress
and to drugs of abuse, ingestive behaviors, and reproductive and
maternal behaviors (Fink and Smith, 1980; Casada and Dafny,
1991; Loewy, 1991; Gray, 1993; Davis et al., 1997; Van de Kar and
Blair, 1999; Stefanova and Ovtscharoff, 2000; Erb et al., 2001;
Nijsen et al., 2001; Walker et al., 2001; Figueiredo et al., 2003;
Walker et al., 2003). Notably, many of the processes influenced by
the BNST are under circadian control. Furthermore, there is an-
atomical and electrophysiological evidence that the BNST is
linked to the SCN and that these structures exhibit synchronous
rhythms in neural activity (Watts et al., 1987; Yamazaki et al.,
1998; Leak and Moore, 2001). Such evidence, taken together with
what is known about the functional organization of the connec-
tions of the BNST with systems of the brain involved in stress and
motivational processes, places the BNST in a position to influ-
ence specific physiological and behavioral rhythms. To begin to
explore this possibility, we asked first whether the BNST contains
circadian clock cells that are controlled by the SCN. To this end,
we studied the expression of the Period2 protein (PER2) in the
BNST in rats. The rhythmic expression of PER2 is considered to
be a defining feature of the molecular oscillators generating cir-
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cadian rhythms in mammalian cells, and analyses of the expres-
sion of Per2 mRNA and PER2 have been used to identify clock
cells in both neural and non-neural tissues (Oishi et al., 1998;
Zheng et al., 1999; Field et al., 2000; Nuesslein-Hildesheim et al.,
2000; Bittman et al., 2003; Shieh, 2003).
Materials and Methods
Animals and housing. The experimental procedures followed the guide-
lines of the Canadian Council on Animal Care and were approved by the
Animal Care Committee, Concordia University. Adult male Wistar rats
(275–300 gm), bilaterally adrenalectomized Wistar rats (250 –275 gm),
and adult male CF-1 mice (25–30 gm) were purchased from Charles
River (St. Constant, Que´bec). All animals had ad libitum access to food
and water. Adrenalectomized rats were given saline solution (0.9% NaCl)
as a drinking fluid. Rats were housed individually in clear plastic cages
equipped with running wheels. The cages were housed in ventilated,
sound- and light-tight isolation chambers equipped with a computer-
controlled lighting system (VitalView; Mini Mitter Co., Sunriver, OR).
Each running wheel was equipped with a magnetic microswitch con-
nected to a computer. Wheel-running activity data were recorded with
VitalView software (Mini Mitter Co.) and analyzed with Circadia Soft-
ware. Mice were housed three per cage in isolation chambers.
Surgery. Rats were anesthetized with a ketamine (100 mg/ml)/xylazine
(20 mg/ml) mixture given intraperitoneally (1.5 ml/kg). Electrolytic le-
sions aimed at the SCN (1.2 mm posterior to bregma; 1.9 mm lateral to
the midline; 9.4 mm below the surface of the skull, at a 10° angle) were
made by passing 2 mA current for 15 sec through stainless steel electrodes
(0.28 mm in diameter), insulated except for the tip, using a Grass lesion
maker (D.C. LM5A; Grass Instruments, West Warwick, RI). Neonatal
enucleation was performed on 2- to 3-d-old male Wistar rat pups, under
isoflurane anesthesia, by severing the optic nerve, muscle, and other
connective tissues and removing the eyes.
Tissue preparation. Rats were injected with an overdose of sodium
pentobarbital (100 mg/kg) and perfused intracardially with 300 ml of
cold saline (0.9% NaCl) followed by 300 ml of cold, 4% paraformalde-
hyde in a 0.1 M phosphate buffer, pH 7.3. Mice were perfused intracardi-
ally with 75 ml of cold saline followed by 75 ml of cold 4% paraformal-
dehyde. After perfusion, brains were postfixed in 4% paraformaldehyde
and stored at 4°C overnight. Serial coronal brain sections (50 m) con-
taining the SCN and BNST were collected from each animal using a
vibratome.
Immunocytochemistry. Free-floating sections were washed in cold 50
mM Tris buffered saline (TBS), pH 7.6, and incubated at room tempera-
ture for 30 min in a quenching solution made of TBS and 3% w/w H2O2.
After the quenching phase, sections were rinsed in cold TBS and incu-
bated for 1 hr at room temperature in a preblocking solution made of
0.3% Triton X-100 in TBS (Triton-TBS), 3% normal goat serum, and 5%
milk buffer. After the preblocking phase, sections were transferred di-
rectly into an affinity-purified rabbit polyclonal antibody raised against
PER2 (ADI, San Antonio, TX) diluted 1:1000 with a solution of Triton-
TBS with 3% normal goat serum in milk buffer. Sections were incubated
with the primary antibody for 48 hr at 4°C. After incubation in the
primary antibody, sections were rinsed in cold TBS and incubated for 1
hr at 4°C with a biotinylated anti-rabbit IgG made in goat (Vector Labs,
Burlingame, CA), diluted 1:200 with Triton-TBS with 2% normal goat
serum. After incubation with secondary antibody, sections were rinsed in
cold TBS and incubated for 2 hr at 4°C with an avidin– biotin–peroxidase
complex (Vectastain Elite ABC Kit; Vector Labs). After incubation with
the ABC reagents, sections were rinsed with cold TBS, rinsed again with
cold 50 mM Tris-HCl, pH 7.6, and again for 10 min with 0.05% 3,3-
diaminobenzidine (DAB) in 50 mM Tris-HCl. Sections were then incu-
bated on an orbital shaker for 10 min in DAB/Tris-HCl with 0.01% H2O2
and 8% NiCl2. After this final incubation, sections were rinsed in cold
TBS, wet-mounted onto gel-coated slides, dehydrated through a series of
alcohols, soaked in Citrisolv (Fisher Scientific, Houston, TX), and cov-
erslipped with Permount (Fisher). Blocking experiments performed by
adding the PER2 peptide (1 mg/ml in PBS, pH 7.4, with 0.02% sodium
merthiolate, diluted 1:100) to the primary incubation solution prevented
PER2 staining.
Data analysis. Stained brain sections were examined under a light
microscope, and images were captured using a Sony XC-77 video cam-
era, a Scion LG-3 frame grabber, and NIH Image (v1.63) software. Cells
immunopositive for PER2 were counted manually using the captured
images. For analysis, the mean number of PER2 immunoreactive cells per
region was calculated for each animal from the counts of six unilateral
Figure 1. Expression of PER2 immunoreactivity in the BNST-OV. Top, Photomicrograph of a
coronal brain section containing the BNST from a rat killed at ZT12. PER2 immunoreactivity is
concentrated in the BNST-OV (marked by the black arrows). Expression in all other subdivisions
of the BNST is exceedingly low. Scale bar, 200 m. Bottom, High magnification of BNST-OV
showing PER2 immunostaining. Scale bar, 100m. aco, Anterior commissure; av, anteroven-
tral BNST; fu, fusiform nucleus of the BNST; al, anterolateral BNST; ju, juxtacapsular nucleus of
the BNST; cc, anterolateral BNST central core; int, internal capsule; MS, medial septal nucleus;
Lsv, ventral lateral septal nucleus; Lsi, intermediate part of the lateral septal nucleus; VL, lateral
ventricle.
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images showing the highest number of labeled nuclei. Differences be-
tween groups were revealed with ANOVA. Significance threshold was set
at 0.05 for all analyses.
Results
Synchronous rhythms in PER2 expression in the SCN and
oval nucleus of the BNST
We first examined the expression of PER2 in the BNST and SCN
of rats that were housed under a 12 hr light/dark (LD) cycle (300
lux at cage level) for at least 20 d and killed
at one of eight equally spaced zeitgeber
times (ZTs) (ZT0 denotes time of light on)
over the day and night (n  4 per time
point). Analysis of PER2 expression in the
BNST revealed dense nuclear staining
within the oval nucleus (BNST-OV), an
anatomically circumscribed and neuro-
chemically distinct structure located in
the dorsal lateral region of the BNST
(Dong et al., 2001) (Fig. 1). PER2 expres-
sion within the BNST-OV was strongly
rhythmic, maximal at the beginning of the
dark phase of the entraining photocycle, at
ZT12, and minimal at ZT0, the onset of
the light phase (Fig. 2a,b). In all other sub-
regions of the BNST, immunostaining for
PER2 was exceedingly low at all times. The
daily pattern of PER2 expression in
the BNST-OV was identical to that seen in
the SCN (Fig. 2a,b), demonstrating that
under entrained conditions the BNST-OV
and SCN exhibit synchronous rhythms in
expression of PER2.
Synchronous rhythms in PER2
expression in the SCN and BNST-OV
persist in constant darkness and in
blind rats
The finding that the BNST-OV and SCN
exhibit synchronous daily rhythms in ex-
pression of PER2 suggests strong coupling
between the SCN clock and putative clock
cells in the BNST-OV. Such coupling may
be mediated intrinsically, independent of
the light cycle, or it may be the result of a
common effect of the light cycle on Per2
gene expression in the two structures. This
latter possibility is consistent with evi-
dence that PER2 expression in the SCN is
synchronized by the light cycle (Field et al.,
2000), and by the finding that the BNST
receives input from the eyes (Itaya et al.,
1981; Cooper et al., 1994). To exclude the
role of the photocycle, we assessed the ex-
pression of PER2 immunoreactivity in rats
that were housed in constant darkness
(DD) for 3 d and killed at one of eight
equally spaced circadian times (CTs)
[CT12 denotes the onset of daily activity
(subjective night) under DD conditions]
during the subjective day or night (n  4
per time point). In addition, to examine
the role of the eyes themselves (Beaulé and
Amir, 2003; Lee et al., 2003), we assessed the expression of PER2
in BNST-OV and SCN of adult blind rats that were enucleated
during the neonatal period. PER2 expression in the BNST-OV of
DD housed rats was strongly rhythmic, peaking at the beginning
of the subjective night, at CT12, and in complete synchrony with
the rhythm of PER2 expression in the SCN (Fig. 2c). Similarly,
levels of PER2 expression in the SCN and BNST-OV of blind rats
were high at CT12 and low at CT0 (Fig. 2d) and similar in mag-
Figure 2. Synchronous rhythmic expression of PER2 in the BNST-OV and SCN. a, Photomicrographs showing examples of PER2
immunostaining in the BNST-OV and SCN from rats housed under a 12 hr LD cycle and killed at different ZTs (ZT0, lights on; ZT12,
lights off). Scale bar, 200m. b, Mean SEM number of PER2-immunoreactive (Per2-IR Cells) nuclei in the SCN and BNST-OV of
rats killed at different ZTs (n4 per time point). c, Mean SEM number of PER2-immunoreactive nuclei in the SCN and BNST-OV
of rats that were housed in constant darkness and killed at different CTs (n 4 per time point). d, Mean SEM number of
PER2-immunoreactive nuclei in the SCN and BNST-OV of adult rats that were enucleated during the neonatal period and killed at
CT0 or CT12 (n 4 per time point).
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nitude to those seen in sighted rats at the
same circadian times (compare Fig. 2c).
Thus, the BNST-OV and SCN exhibit syn-
chronous rhythms in PER2 expression un-
der constant conditions in the absence of
photic time cues.
Synchronous PER2 expression in the
SCN and the BNST-OV of the mouse
To determine whether the rhythm in PER2
expression in the BNST-OV is species spe-
cific, we assessed the expression of PER2 in
mice that were housed under a 12 hr LD
cycle and killed at ZT0 or ZT12. Consistent
with our finding in rats, in both the SCN
and BNST-OV of light-entrained mice, the
expression of PER2 was high at ZT12 and
low at ZT0 (Fig. 3), suggesting synchro-
nous oscillations.
PER2 oscillation in the BNST-OV
depends on the functional integrity of
the SCN
The subordinate nature of circadian clocks
outside the SCN is evident from the find-
ing that the oscillations in clock gene ex-
pression in most brain and peripheral tis-
sues are not self-sustaining and dampen
after a few days in vitro (Yamazaki et al., 2000; Abe et al., 2002;
Balsalobre, 2002). Furthermore, it has been shown that SCN lesions
that abolish circadian activity rhythms abolish circadian oscillations
in Per gene expression in the brain and periphery in rats and in mice,
in vivo (Oishi et al., 1998; Sakamoto et al., 1998; Wakamatsu et al.,
2001). To study the role of the SCN in the control of PER2 oscilla-
tions in the BNST-OV, we assessed the expression of PER2 immu-
noreactivity in rats with bilateral electrolytic SCN lesions. To verify
the effectiveness of the lesion, all of the lesioned rats were housed in
cages equipped with running wheels, under a 12 hr LD cycle, and
their activity rhythms were monitored continuously for at least 60 d.
Of the 25 lesioned rats, 15 became permanently behaviorally ar-
rhythmic (Fig. 4a). Histological inspection of brain sections from
these arrhythmic rats revealed that all sustained considerable bilat-
eral SCN damage. Of these, two rats had complete bilateral lesion
that extended the entire length of the paired nuclei. All other ar-
rhythmic rats sustained partial SCN damage that varied both in size
and in location. In all arrhythmic rats the lesion extended from the
SCN both laterally to the central part of the anterior hypothalamus
and dorsally to the subparaventricular zone (Fig. 4b). The remaining
10 lesioned rats did not become arrhythmic and were able to entrain
to the LD cycle despite sustaining considerable damage in the SCN
and surrounding tissues (Fig. 4a,b). In these lesioned but behavior-
ally rhythmic rats, PER2 expression in the BNST-OV was high at
ZT12 and low at ZT0 (Fig. 4c). This pattern of expression is identical
to that seen in intact entrained rats at these times (Fig. 2). In contrast,
PER2 expression in the BNST-OV of the behaviorally arrhythmic
lesioned rats did not vary as a function of time and was at an inter-
mediate level. These results suggest that the rhythm in PER2 expres-
sion in the BNST-OV depends on the functional integrity of the SCN
clock as assessed by its ability to drive circadian locomotor activity
rhythms. They also indicate that although the SCN clock appears to
control the daily oscillation in PER2 expression in the BNST-OV, it
is not required for the local expression of the PER2 protein, per se.
Constant-light-induced behavioral arrhythmicity blunts
PER2 oscillations in SCN and BNST-OV
As is the case with bilateral SCN lesions, prolonged housing in
constant light (LL) abolishes circadian activity and temperature
rhythms in rats (Edelstein et al., 1995; Edelstein and Amir, 1999).
Furthermore, it has been found recently that LL-induced behav-
ioral arrhythmicity is associated with blunting of the PER2
rhythm in the SCN (Beaulé et al., 2003; Sudo et al., 2003), a
finding that is consistent with the idea that the behavioral effects
of LL are mediated, at least in part, by a disruption of the molec-
ular oscillation of the SCN clock. To study the importance of the
SCN clock itself in the control of PER2 oscillations in the BNST-
OV, we assessed the expression of PER2 immunoreactivity in the
BNST-OV of rats that were housed in LL and displayed behav-
ioral arrhythmicity for at least 40 d (Fig. 5a). PER2 expression in
both the SCN and BNST-OV of these arrhythmic rats was
blunted, and there were no significant variations in expression
levels between the four equally spaced time points used for the
analysis (Fig. 5b,c) (ANOVA: SCN, F(3,10)  0.76, p  0.54;
BNST-OV, F(3,10) 0.379, p 0.77). The finding that prolonged
LL housing abolishes PER2 rhythmicity both in the SCN and in
the BNST-OV underscores the importance of the SCN clock in
the control of the rhythm of PER2 expression in the BNST-OV.
PER2 oscillation in the left and right BNST-OV after
unilateral SCN lesion
Several different mechanisms could mediate the effect of the SCN
on PER2 oscillations in the BNST-OV. The rhythm in PER2
could be regulated by signals communicated from the SCN via
neural projections (Watts et al., 1987). Alternatively, the rhythm
may be regulated by a diffusible factor released from the SCN or
by oscillating endocrine signals, such as corticosterone (Silver et
al., 1996; Oishi et al., 1998; Balsalobre et al., 2000a). Finally, it
may be under the control of one or more behavioral states that,
themselves, are under circadian control, such as locomotor activ-
Figure 3. Synchronous expression of PER2 in the BNST-OV and SCN of the mouse. The photomicrographs show examples of
PER2 immunostaining in the SCN and BNST-OV in mice housed under a 12 hr LD cycle and killed at ZT0 or ZT12. Arrows point to the
BNST-OV. Scale bars: SCN, 100m; BNST-OV, 200m. The bar graphs show mean SEM number of PER2-immunoreactive
nuclei in the SCN and BNST-OV as a function of ZT (n 3 per time point).
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ity or feeding (Mrosovsky, 1996; Wakamatsu et al., 2001). To
begin to explore the role of neural connections as well as to ex-
clude the role of activity, we assessed the expression of PER2
immunoreactivity separately in the left and right BNST-OV in
behaviorally rhythmic rats bearing a unilateral SCN lesion. Neu-
ral connections between the SCN and some of its targets are
lateralized (de la Iglesia et al., 2003). Accordingly, we hypothe-
sized that if the rhythm in expression of PER2 in the BNST-OV
depends on neural connections from the SCN, then the rhythm
in expression of PER2 in the BNST-OV ipsilateral to the lesion
would be attenuated and different from that in the contralateral
side. Alternatively, if the rhythm of activity is the critical entrain-
ing agent, then PER2 expression in the ipsilateral and contralat-
eral BNST-OV should not differ.
All unilateral SCN-lesioned rats (n  12) exhibited stable
photic entrainment of wheel-running activity rhythms and tem-
porally appropriate levels of PER2 expression in the intact SCN
(Fig. 6a). Furthermore, both the ipsilateral and contralateral
BNST-OV showed a daily pattern of PER2 expression, with lower
levels at ZT0 and higher levels at ZT12 (Fig. 6b,c). The magnitude
of the daily difference, however, was blunted on the lesioned side.
At ZT0, PER2 expression in the BNST-OV ipsilateral to the le-
sioned SCN was significantly greater ( p 0.001) than that in the
contralateral side, whereas at ZT12, expression in the ipsilateral
BNST-OV was significantly lower than that in the contralateral
BNST-OV ( p 0.001). These results suggest that normal oscil-
lations in PER2 expression in the BNST-OV depend, at least in
part, on ipsilateral neural input from the SCN. Furthermore, the
finding that unilateral SCN lesions attenuated the rhythm in
PER2 expression in the ipsilateral BNST-OV, but had no effect on
activity rhythms, excludes the involvement of activity, per se, in
the regulation of PER2 expression in the BNST-OV.
Uncoupling of PER2 expression between the SCN and
BNST-OV after acute shifts in the entraining light cycle
Abrupt changes in the entraining light schedule alter the phase
relationship between the SCN clock and subordinate clocks in the
rest of the brain and periphery (Yamazaki et al., 2000; Abe et al.,
2002). To further study the nature of the coupling between the
SCN and BNST-OV, we assessed the expression of PER2 in LD
housed rats that were subjected to an abrupt 8 hr advance or 8 hr
delay in the onset of the entraining light cycle (Fig. 7a). PER2 was
assessed in groups of rats (n 4 per group) that were killed 2, 4,
6, or 8 d after the imposed shift, at the new ZT12. The levels of
PER2 in the SCN and BNST-OV in the shifted rats at the new
ZT12 were compared with levels at ZT12 in entrained control
rats. In rats subjected to an 8 hr advance of light onset, PER2
expression in the SCN returned to the high levels expected at
ZT12 after 6 d, whereas in the BNST-OV, PER2 expression re-
turned to the expected high levels after 8 d (Fig. 7b). After an 8 hr
delay in the time of light onset, PER2 expression in the SCN was
at the expected high levels on day 2 and in the BNST-OV on day
6 (Fig. 7c). These results demonstrate that large shifts in the en-
training light cycle are attended by sequential changes in the
phase of expression of PER2 in the SCN and BNST-OV, consis-
tent with the hypothesis that the SCN synchronizes the
BNST-OV rhythm. They also show that such shifts in the light
cycle disrupt the synchrony in PER2 expression between the SCN
and BNST-OV. The duration of this disruption depends on the
direction of the shift in the light cycle, with overall longer desyn-
chrony seen after an advance than a delay shift.
Figure 4. Bilateral SCN lesions that disrupt circadian activity rhythms abolish PER2 oscilla-
tions in the BNST-OV. a, Representative double-plotted actograms of wheel-running activity in
an SCN-lesioned arrhythmic rat (left) and in a lesioned rat that remained rhythmic (right). The
rats were housed under a 12 hr LD cycle. The vertical marks indicate periods of activity of at least
10 wheel revolutions per 10 min. Successive days are plotted from top to bottom. b, Photomi-
crographs showing the largest extent of the SCN lesions (arrows) of rats whose actograms are
shown in a. Scale bar, 200m. c, Photomicrographs showing examples of PER2 immunostain-
ing in the BNST-OV from SCN-lesioned, arrhythmic rats (left) and from lesioned, rhythmic rats
(right) as a function of ZT. Magnification, 20. d, Mean  SEM number of PER2-
immunoreactive nuclei in the BNST-OV of SCN-lesioned arrhythmic rats (left) and of lesioned,
rhythmic rats (right) as a function of ZT. The numbers in brackets indicate the number of rats per
time point.
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PER2 oscillation in the SCN and BNST-
OV after bilateral adrenalectomy
Basal secretion of glucocorticoid hor-
mones from the adrenal glands follows a
circadian rhythm that is under the control
of the SCN clock (Szafarczyk et al., 1983).
The adult SCN does not contain glucocor-
ticoid receptors, and therefore it is unlikely
that glucocorticoid hormones are involved
in the regulation of clock gene expression
in the SCN (Rosenfeld et al., 1988, 1993).
In contrast, most peripheral tissues ex-
press glucocorticoid receptors, and ad-
ministration of a synthetic glucocorticoid,
dexamethasone, has been shown to induce
Per gene expression in mouse liver, in vivo,
and in cultured rat-1 fibroblasts (Balsalo-
bre et al., 2000a,b, 2002), suggesting that
circulating glucocorticoids regulate Per
gene expression in some peripheral tissues.
Glucocorticoid receptors are expressed in
the BNST (Lechner and Valentino, 1999),
and corticosterone has been shown to
modulate neuropeptide gene expression in
the BNST (Makino et al., 1994; Pompei et
al., 1995; Watts and Sanchez-Watts, 1995).
To begin to study the possibility that cir-
culating glucocorticoids are involved in
the control of PER2 in the BNST-OV, we
assessed the expression of PER2 in the
SCN and BNST-OV of bilaterally adrena-
lectomized (ADX) and sham-operated
rats. All of the operated rats were housed in
isolation boxes and maintained under a 12
hr LD cycle for at least 3 weeks before use.
As expected, bilateral adrenalectomy had
no effect on PER2 expression in the SCN
(Fig. 8). In contrast, the rhythm in PER2 in
the BNST-OV was blunted in the ADX rats
(F(3,19) 1.24; p 0.32). PER2 expression
in the BNST-OV in these rats remained at
an intermediate level, suggesting that removal of the adrenals had
a selective effect on the rhythm of PER2 but did not affect basal
expression of PER2.
Discussion
The finding that many brain and peripheral tissues exhibit circa-
dian oscillations in clock gene expression has led to the hypoth-
esis that circadian rhythms in mammals are regulated not only
globally by the master SCN clock, but also locally by widely dis-
tributed populations of subordinate clock cells that control
tissue-specific rhythmic outputs (Schibler and Sassone-Corsi,
2002; Hastings et al., 2003). Contrary to the SCN clock, oscillators
outside the SCN are not self-sustaining and lose their rhythmicity
after a few days when studied in isolated tissue in vitro and after
SCN lesions in vivo. It has been proposed that both neural and
endocrine pathways under the control of the SCN drive the
rhythm and set the phase of these peripheral oscillators (Saka-
moto et al., 1998; Yamazaki et al., 2000; Abe et al., 2002; Balsalo-
bre, 2002; Kalsbeek and Buijs, 2002; Schibler and Sassone-Corsi,
2002; Bittman et al., 2003; Hastings et al., 2003; Kriegsfeld et al.,
2003).
In the present study we found that neurons in the BNST-OV,
a distinct subregion of the BNST, exhibit a robust daily rhythm in
expression of PER2, consistent with the hypothesis that the BNST
contains circadian clock cells that might play a role in local con-
trol of circadian rhythms. The expression of PER2 was rhythmic
in the BNST-OV in rats housed under a LD cycle or in constant
darkness, in blind rats, and in mice, emphasizing the ubiquitous
nature of this region-specific molecular oscillation. Most impor-
tantly, in both rats and mice, the rhythm in PER2 expression in
the BNST-OV was in synchrony with the PER2 rhythm in the
SCN. Interestingly, studies in hamsters (Yamazaki et al., 1998)
and in rats (Abe et al., 2002) have shown that the phase of the
oscillations in neural activity and clock gene expression in most
other brain regions is distinct from the phase in the SCN. The
finding that the BNST-OV and SCN exhibit synchronous
rhythms in PER2 expression underscores the unique nature of
the coupling between clock cells in the SCN and BNST and is
consistent with the proposed role of the BNST in the gating of
circadian information.
The rhythm in PER2 in the BNST-OV was eliminated by le-
sions of the SCN that abolished circadian activity rhythms and by
constant-light housing that disrupts circadian activity rhythms
and the oscillation in PER2 expression in the cells of the SCN
Figure 5. Constant-light housing disrupts circadian activity rhythms and abolishes PER2 rhythms in the SCN and BNST-OV. a,
Representative double-plotted actograms showing wheel-running activity in two rats housed in LL. b, Photomicrographs showing
examples of PER2 immunoreactivity in the SCN and BNST-OV of LL-housed rats killed at four equally spaced times around the clock.
Scale bar, 200m. c, Mean SEM number of PER2-immunoreactive nuclei in the SCN (top) and BNST-OV (bottom) of LL-housed
rats (n 3– 4 per time point).
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without affecting the anatomical integrity of the SCN (Beaulé et
al., 2003). Thus, the oscillations in PER2 in the BNST-OV depend
on the functional integrity of the SCN clock, consistent with
other findings on the effect of SCN lesions on rhythms of Per
genes in the brain and periphery in rats and mice (Sakamoto et
al., 1998; Wakamatsu et al., 2001). Interestingly, unilateral lesions
of the SCN that were without an effect on circadian activity
rhythms also influenced the PER2 rhythm in the BNST-OV;
however, only the rhythm ipsilateral to the lesioned side was
attenuated. This finding argues against the importance of activity
rhythms, per se, in the control of PER2 oscillation in the
BNST-OV and demonstrates that transmission of information
from the SCN to the BNST-OV is dependent at least in part on
ipsilateral neural connections.
It has been shown previously that abrupt changes in the en-
training light schedule disrupt the normal phase relationship be-
tween the SCN and circadian oscillators in the brain and periph-
ery (Yamazaki et al., 2000; Abe et al., 2002). In our experiments
we found that entrainment of the PER2 rhythm to a shifted light
cycle was faster in the SCN than in the BNST-OV and that in both
structures it was faster after a delay than
after an advance shift in the light cycle.
These findings demonstrate that shifts in
the light schedule transiently disrupt the
synchrony between the PER2 rhythm in
the SCN and that seen in the BNST-OV.
Such disruptions in the relationship be-
tween the phase of the SCN clock and sub-
ordinate clocks could lead to internal
desynchronization among specific behav-
ioral and physiological rhythms and could
explain the disruptive physiological and
behavioral symptoms associated with
travel across time zones and shift work
(Abe et al., 2002; Reddy et al., 2002). Inter-
estingly, restricted feeding schedules,
which entrain circadian activity rhythms
via SCN-independent clocks (Stephan et
al., 1979), have also been shown to disrupt
coupling between the SCN and other brain
and peripheral oscillators (Damiola et al.,
2000; Stokkan et al., 2001). Neurons in the
BNST-OV are sensitive to food restriction
(Carr et al., 1998; Carr and Kutchukhidze,
2000) and are activated by treatment with
anorectic agents (Bonaz et al., 1993; Li and
Rowland, 1995; Day et al., 1999), suggest-
ing the intriguing possibility that oscilla-
tions of cells of the BNST-OV might be
regulated directly by food-related stimuli.
The BNST-OV is responsive to cortico-
sterone (Makino et al., 1994; Pompei et al.,
1995; Watts and Sanchez-Watts, 1995),
and it has been shown that glucocorticoids
can induce clock gene expression in pe-
ripheral tissues (Balsalobre et al., 2000b).
The results of our last experiment showing
that removal of the adrenal glands blunts
the rhythm in PER2 expression in the
BNST-OV, although not in the SCN,
strongly suggest a role for adrenal glu-
cocorticoid hormones in the control of
PER2 oscillations in the BNST-OV. More-
over, and consistent with other evidence (Rosenfeld et al., 1993;
Balsalobre et al., 2000b), they exclude a role for circulating corti-
costeroids in the regulation of clock gene expression in the SCN.
Finally, and most significantly, the finding that removal of the
adrenals blunts the rhythm in PER2 in the BNST-OV suggests
that although neural pathways from the SCN are necessary for
circadian regulation of PER2 expression in this region, other fac-
tors, in this case adrenal hormones, that normally oscillate in a
circadian manner play an equally important role.
Most cells of the BNST-OV express the neurotransmitter,
GABA (Sun and Cassell, 1993), suggesting that the rhythm in
PER2 expression seen in the BNST-OV may be associated with
oscillations in local GABAergic cell firing. Interestingly, GABA is
the primary transmitter in the SCN (Moore and Speh, 1993;
Moore et al., 2002), where it has been implicated in the synchro-
nization among individual clock cells as well in the transmission
of circadian information from the SCN (Moore and Speh, 1993;
Liu and Reppert, 2000; Buijs and Kalsbeek, 2001; Kalsbeek and
Buijs, 2002; Moore et al., 2002). Furthermore, the BNST-OV
contains several neuropeptides, including corticotropin-
Figure 6. PER2 expression in the BNST-OV after unilateral SCN lesion. a, Photomicrographs showing examples of unilateral SCN
lesions (arrows) in rats killed at ZT0 or ZT12. PER2 expression in the intact SCN is low at ZT0 and high at ZT12. Scale bar, 100m.
b, Photomicrographs showing examples of PER2 immunoreactivity in the BNST-OV ipsilateral and contralateral to the lesioned
SCN. Magnification, 20. c, Mean SEM number of PER2-immunoreactive nuclei in the ipsilateral and contralateral BNST-OV as
a function of ZT. Asterisks indicate significant differences from the ipsilateral side ( p 0.05; n 5–7 per time point).
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releasing hormone (CRH), enkephalin, neurotensin, somatosta-
tin, and dynorphin (Dong et al., 2001). In preliminary studies we
failed to observe any significant staining for PER2 in CRH-
immunoreactive cells in the BNST-OV, whereas cells that ex-
pressed enkephalin immunoreactivity also contained PER2. The
enkephalin cells of the BNST-OV have been shown to be acti-
vated by certain types of stress stimuli, including immune and
osmotic stimuli, and by amphetamine injections (Watts and
Sanchez-Watts, 1995; Day et al., 1999, 2001; Kozicz, 2002; Eng-
strom et al., 2003). It will be of interest, therefore, to determine
whether such stimuli are capable of altering PER2 expression in
the BNST-OV and thereby have an influence on specific, locally
controlled circadian rhythms.
The BNST is involved in the modulation of physiological and
behavioral processes that are known to be under circadian con-
trol, and it is linked both anatomically and functionally with the
SCN (Watts et al., 1987; Yamazaki et al., 1998). The BNST-OV
projects to virtually all other subregions of the BNST as well as to
several brain regions outside the BNST (Dong et al., 2001). The
latter include the central nucleus of the amygdala (CEA), the
tuberal region of the lateral hypothalamus, the parabrachial nu-
cleus (PB), and the nucleus of the solitary tract (NTS), all of
which have been shown to play important roles in controlling
autonomic responses to homeostatic challenge and fear stimuli
(Dong et al., 2001). In addition, the BNST-OV has been shown to
innervate the substantia innominata and nucleus accumbens,
both of which play key roles in the control of motivated behaviors
driven by drugs and other incentive stimuli as well as in the
control of behaviors driven by homeostatic needs, such as food
and water intake. Furthermore, the BNST-OV has been shown to
receive afferents from many other subregions of the BNST and
from the CEA, NTS, PB, locus coeruleus, dorsal raphe nucleus,
ventral tegmental area, postpiriform transition cortical area, and
insular cortex (Dong et al., 2001). These neural connections,
taken together with the evidence of glucocorticoid sensitivity,
place the BNST-OV in a unique position to integrate stress and
homeostatic and incentive stimuli, as well as to coordinate phys-
iological responses and behaviors that are engaged by these stim-
uli. The present finding that the BNST-OV contains subordinate
Figure 7. Uncoupling between PER2 expression in the SCN and BNST-OV after a shift in the
light cycle. a, Schematic representation of the experimental design. The rats were entrained to
a 12 hr LD cycle. The onset of light was then advanced or delayed by 8 hr, and rats were killed 2,
4, 6, or 8 d later at the new ZT12. Representative actograms of rats from the advance and delay
groups killed 8 d after the shift are shown. b, Mean SEM number of PER2-immunoreactive
nuclei in the SCN and BNST-OV of rats killed at ZT12 without a shift (day 0) or 2, 4, 6, or 8 d after
an advance shift at the new ZT12. c, Mean SEM number of PER2-immunoreactive nuclei in
the SCN and BNST-OV of rats killed at ZT12 without a shift (day 0) or 2, 4, 6, or 8 d after a delay
shift at the new ZT12. Asterisks indicate significant difference from day 0 for each brain area.
Figure 8. Effect of adrenalectomy on PER2 expression in the SCN and BNST-OV. Mean
SEM number of PER2-immunoreactive nuclei in the SCN (top) and BNST-OV (bottom) of adre-
nalectomized and sham-operated rats as a function of ZT (n 5–7 per group per time point).
Adrenalectomy had no effect on the rhythm of PER2 expression in the SCN, whereas it com-
pletely blunted the rhythm in the BNST-OV.
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circadian clock cells provides a mechanism whereby the SCN
could impose local circadian control over gene expression and
neural activity and thereby affect information processing within
the BNST as well as influence activity in neural circuits down-
stream from the BNST. Finally, the possibility that the putative
clock cells of the BNST-OV might be sensitive to stress-, drug-,
and food-related stimuli provides a mechanism whereby such
stimuli can affect circadian rhythms downstream from the SCN
clock.
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